Chromosomal breakage is a common feature in both plants and animals. The broken pieces may be inserted elsewhere on the same chromosome, or on a nonhomologous chromosome, or pieces may be exchanged. When broken pieces of nonhomologous chromosomes are exchanged, the product is termed reciprocal translocation, also known as chromosomal interchange, or simply translocation or interchange. These terms are used interchangeably in the literature. The term translocation will be used in this report. Reciprocal translocations may arise spontaneously or may be induced following chemical or irradiation treatments. The first report on a naturally occurring reciprocal translocation was by Belling (1914) in the Florida velvet bean (Stizolobium deeringianum), and Muller (1930) was first to report on X-ray-induced translocations in Drosophila. Reciprocal translocations are important genetic aberrations to both the geneticist and plant breeder. Brink and Cooper (1931) presented data that established the usefulness of reciprocal translocations in gene mapping. Reciprocal translocations have been used in transferring desirable traits in wheat ( Driscoll 1965; Sears 1956) , and barley (Gustafsson 1965; Hagberg 1962) , and are good sources for generating aneuploids. For example, different trisomics were identified in the progeny of selfed translocation heterozygotes (Ashraf and Bassett 1987; Huang 1985; Ramage 1955) . Complete tester sets have been developed in maize ( Burnham 1954) , barley ), English pea ( Lamm and Miravalle 1959) , rye (Sybenga and Wolters 1972) , and tomato (Gill et al. 1980) .
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T116
Strain descended from seed irradiated by Buchholz, reported by Williams and Williams (1938) .
a Adapted from Palmer and Kilen (1987) .
4) and four induced translocations ( T116, KS171-31-2, KS172-11-3, and KS175-7-3) have been described in soybean (Sadanaga and Newhouse 1982) . Preliminary genetic and cytogenetic studies suggested all to be translocations (Sadanaga and Newhouse 1982; Sellner 1990) . T116 was first identified as a weak, yellow-viable plant, and was given a genetic type collection ( T ) number. Later studies revealed that it carried a translocation (Williams and Williams 1938) . Soybean has 20 pairs of chromosomes, and all 20 chromosomes must be involved in interchanges in order to obtain a complete tester set. A step toward developing a complete tester set of translocations is to establish the independence of existing translocations by identifying the chromosomes involved in the translocated segments. So far six of the seven confirmed translocations have been used to evaluate other suspected translocations ( Forrai and Palmer 1984) . The objective of this study was to determine whether the described translocation lines are independent or not, that is, whether they have common or different translocated chromosomes.
Materials and Methods
The six translocations described by Sadanaga and Newhouse (1982) and type T116 were used in this study. The origin of these translocations is shown in Table  1 . Each of the three naturally occurring translocations has a distinct genetic background. The translocation in Clark T/T originated from G. soja (PI 101404B) and was incorporated into a G. max background through backcrossing. Clark T/T has been used in soybean mapping studies . Translocation from PI 189886 occurred in G. gracilis Skvortz., and PI 189886 has a growth habit intermediate between that of G. max and G. soja. The L75-0283-4 translocation arose spontaneously in an F 4 progeny row from a cross between cultivars Beeson and Amsoy 71. The remaining translocations-T116, KS171-31-2, KS172-11-3, and KS175-7-3-have a G. max background and were induced through neutron-irradiation of seeds.
The seven homozygous translocation lines were field grown in the summers of 1979, 1980, and 1987 at the Bruner Farm near Ames, Iowa. Entries were grown in rows 60 cm apart with 10 cm between plants within the rows. In order to identify the seven different homozygous translocation lines, they were each testcrossed to standard normal cultivar Hack and also were intercrossed in all possible combinations (a half-diallel set). Testcross progeny that are all semisterile would indicate that a suspected line is indeed a homozygous translocation line, while all fertile progeny from intercrosses of homozygous translocation lines would indicate that the translocations used in those intercrosses are identical, that is, have common interchanged chromosomes.
Six F 1 seeds per each cross combination were germinated for 3-5 days on paper in a growth chamber set at 30ЊC-32ЊC. Seedlings were transplanted to 3 L pots filled with a 2:1:1 mixture of soil, sand, and organic peat. Plants were grown in the USDA-ARS greenhouse under fluorescent and metal halide lamps. The photoperiod was 14 h, and summer and winter temperatures were 29ЊC-35ЊC, and 24ЊC-29ЊC, respectively.
At flowering, immature flower buds were collected from each plant between 9: 30 A.M. and 11:30 A.M. on two consecutive days. Flower buds were placed in 30 ml vials and fixed for 48 h at room temperature in 25 ml of freshly prepared fixative composed of 6:3:2 by volume of 95% ethanol:chloroform:propionic acid. The fixative was replaced after 48 h with 70% ethanol and samples stored at 4ЊC until observation. Anthers from treated buds were dissected on slides under a dissecting microscope, and treated with a drop of propionocarmine stain for 1 min before placing a coverslip over the sample. The slide was passed over an alcohol flame and pressed.
Cytologic identification of reciprocal translocations was based on meiotic chromosome association of the translocated chromosomes. The diplotene through late metaphase stages are best and were used for the observation of pairing associations of interchange chromosomes. Meiotic chromosome configurations were determined using a Zeiss Standard WL Research microscope, and the appropriate configurations were photographed with a Zeiss M63 Photomicrographic M35 camera attachment with Panatomic-X 35mm film ( Kodak).
For pollen observations, mature flower buds (with petals showing just above the sepals) were collected from each plant between 8:30 A.M. and 10:30 A.M. and placed into vials containing 70% ethanol and stored at 4ЊC. Anthers from each flower bud were dissected on a slide under a dissecting microscope. Pollen from these buds was dispersed in a drop of iodine potassium iodide ( I 2 KI) solution placed on the slide and a coverslip was placed over the sample. A representative sample of 500 pollen grains was counted from each flower bud. To obtain percentage pollen sterility, the ratio of sterile grains to total number of grains counted was multiplied by 100. Two flower buds were sampled for each of five plants during three separate seasons. A mean count was determined for each cross combination and a standard deviation was calculated.
At maturity, plants were classified as to the number and position of seeds, seed abortions, and ovule abortions within each pod. During three separate seasons, counts were done on five plants from two homozygous normal lines, seven homozygous translocation lines, seven heterozygous translocation lines, and all 21 intercrosses between translocations. A mean for each count was determined, and a standard deviation was calculated. The percentage ovule abortion was calculated as the ratio of the number of ovule abortions to the number of seeds plus seed abortions plus ovule abortions, multiplied by 100. In general, the number of seeds per pod of normal, fertile plants is three. The percentage reduction in seed set was calculated as the number of seeds per pod divided by three, multiplied by 100.
Results and Discussion
An initial step in the use of translocations is the isolation of homozygous lines for each translocation . In soybean, homozygous lines were previously isolated for all but the T116 translocation ( Delannay et al. 1982; Palmer and Heer 1984; Sadanaga and Grindeland 1979) . Homozygous lines for T116 were isolated from crosses with the standard nontranslocation line cultivar Calland (Sellner 1990 ). Cytologic examination of meiosis of the F 1 plants from crosses between homozygous translocation lines and standard nontranslocation lines should reveal either a cross configuration at pachynema, or rings, chains, or the figure eight configuration at metaphase I, as illustrated by Schaeffer (1980) and Singh (1993) . During metaphase I, nonco-orientation of the chromosomes of a translocation heterozygote can give rise to duplicate-deficient gametes following a 2:2 segregation or aneuploid gametes following a 3:1 segregation ( Hagberg 1954) . The seven homozygous translocation lines were each crossed to standard nontranslocation line cultivar Hack. The percentage pollen sterility (ranging from 34% to 53%) and ovule abortion (ranging from 33% to 42%) in the testcross progeny were in general lower than the 50% expected for a translocation heterozygote ( Table 2) . The pollen and ovule abortion data, together with data on seeds/pod, suggest that testcross progeny are semisterile, hence the lines crossed to the nontranslocation line are suspected homozygous translocations. Figure 1 presents pollen of plants with varying degrees of sterility. Figure 1C shows pollen from a 70% sterile plant. Chromosome association studies at late diakinesis and metaphase I revealed 20 bivalents for nontranslocation plants ( Figure 1D ) and a typical ring configuration plus 18 bivalents for heterozygous translocation line KS175-7-3 ( Figure 1E ). The other translocation heterozygotes observed also showed associations of four chromosomes (not shown). These chromosome association data confirm the suggestion, based on pollen and ovule abortion, that the lines are suspected homozygous translocations.
Progeny from the half-diallel set of crosses among the seven homozygous translocation lines were examined cytologically in order to determine whether the translocated chromosomes were the same or different. The observation of a ring or a chain of six chromosomes indicates that the two translocations have one chromosome in common, whereas the observation of two rings or chains of four chromosomes indicates that the two translocations have no chromosomes in common . Results for the twenty-one intercrosses studied are presented in Table 3 . The percentage pollen sterility (ranging from 44% to 78%) and ovule abortion (ranging from 46% to 55%) were much higher than those from testcross progeny. The F 1 plants from intercrosses between T116 and the other translocations and for PI 189866 ϫ KS175-7-3 were not examined for meiotic chromosome associations due to very few F 1 plants as well as very poor meiotic material. Late metaphase I examination of the F 1 plants from the remaining 14 intercrosses revealed that five intercrosses (Clark T/ T ϫ KS172-11-3, Clark T/T ϫ KS175-7-3, PI 189866 ϫ KS171-31-2, L75-0283-4 ϫ KS171-31-2, and KS172-11-3 ϫ KS175-7-3) showed one ring of six chromosomes. This suggests that the homozygous translocation genotypes that were crossed shared one chromosome in common. One common chromosome is involved in the Clark T/T, KS172-11-3, and KS175-7-3 translocations.
KS171-31-2 shares one chromosome in common with PI 189866 and a different chromosome in common with L75-0283-4. Both are different from the one chromosome shared by Clark T/T, KS172-11-3, and KS175-7-3. Two rings of four chromosomes were observed for the remaining nine intercrosses, suggesting that four different nonhomologous chromosomes were involved in the two translocations, with no chromosomes in common. Associations of five or six chromosomes are shown during late diakinesis/early metaphase I in F 1 plants from intercrosses ( Figure 1) . The cross KS172-11-3 ϫ KS175-7-3 showed a chain of five chromosomes and one univalent, plus 17 bivalents ( Figure 1F ), while cross KS175-7-3 ϫ Clark T/T showed chain associations of five or six chromosomes plus 17 bivalents ( Figure 1G ). From the results presented thus far, L75-0283-4 has two nonhomologous chromosomes translocated, while PI 189866 also has two different nonhomologous chromosomes translocated. Based on the observation of one ring of six chromosomes from crosses KS171-31-2 ϫ L75-0283-4 and KS171-31-2 ϫ PI 189866, KS171-31-2 would have one of the two translocated chromosomes in L75-0283-4, and one of the two translocated chromosomes in PI 189866. The crosses Clark T/T ϫ L75-0283-4 and Clark T/T ϫ PI 189866 showed two rings of four chromosomes, suggesting that the translocated chromosomes are unique in each of the three translocations. Clark T/ T therefore, would have two nonhomologous chromosomes translocated, that are different from those translocated in L75-0283-4 and PI 189866. Clark T/T, KS172-11-3, and KS175-7-3 have only one common chromosome involved in their translocations, and KS172-11-3 and KS175-7-3 do not share any chromosome in common with KS171-31-2, L75-0283-4, and PI189866. Therefore KS172-11-3 and KS175-7-3 should have either one or the other of the two translocated chromosomes in Clark T/T involved in their translocations. The cross PI 189866 ϫ KS175-7-3 was not examined for chromosome associations due to very few F 1 plants and poor meiotic material. However, the chromosome association results for KS175-7-3 crossed with the other translocations would suggest that it has either one or the other of the two chromosomes translocated in Clark T/T. Omitting the T116 translocation, it may be concluded that 6 of the 20 chromosomes are involved in reciprocal translocations in six of the seven lines analyzed in this study.
The F 1 progeny of crosses between the seven homozygous translocation lines and standard nontranslocation lines ( Table 2) were not examined at meiosis for chromosome associations. The percentage pollen and ovule abortion of these F 1 plants suggest that they are semisterile, that is, heterozygous for the translocation, and one ring of four chromosomes would be expected from them at meiosis. In Pisum, Gottschalk (1978) reported an inverse relationship between the number of translocated chromosomes and the fertility of plants in genotypes heterozygous for a translocation. In the present study, the percentage pollen and ovule abortion and percent reduction in seed set are lower (29-53% for pollen abortion, 33-42% for ovule abortion, and 45-56% for percent reduction in seed set) in F 1 plants from crosses between translocations and nontranslocation genotypes ( Tables 2) than from crosses between homozygous translocation genotypes (44-80% for pollen abortion, 46-55% for ovule abortion, and 58-67% for percent reduction in seed set) ( Table 3) . A greater number of chromosomes are involved in the translocations in progeny showing two rings of four and one ring of six chromosomes than in progeny having one ring of four chromosomes at meiosis. The pollen and ovule abortion data, seed set data, and chromosome association data reported in the present study suggest a negative relationship between the number of translocated chromosomes and fertility similar to that reported in Pisum (Gottschalk 1978) .
Alternate I and II segregations give rise to fertile gametes while adjacent I and II segregations give rise to nonviable duplication and deficiency gametes. When these two types of segregations are of equal frequency, the result is semisterility ( Endrizzi 1974) . In species such as maize, sorghum, petunia, and peas, the proportion of fertile to aborted gametes approximates a 1:1 ratio, while in other species including wheat, rye, barley, Datura, and Oenothera the proportion of aborted gametes is much lower than expected (Schaeffer 1980) . This may be due to directed segregation when alternate type segregation is favored over adjacent type segregation.
Soybean has numerous small chromosomes that are difficult to distinguish morphologically at mitotic metaphase (Ahmad et al. 1983 (Ahmad et al. , 1984 Sen and Vidyabhusan 1960) . Somatic chromosome studies for karyotype analysis of soybean have not been conclusive (Ahmad et al. 1984; Ladizinsky et al. 1979 ). The unambiguous identification of chromosomes involved in soybean translocations is a prerequisite for the development of a complete tester set of translocations needed to advance classical and molecular genetic linkage maps. Singh and Hymowitz (1988) conducted pachytene chromosome analysis and reported the first karyotype of G. max and G. soja. Other techniques could be/have been used in cytological studies. These include the Giemsa staining techniques (Mok and Mok 1976) , in situ hybridization (Griffor et al. 1991; Skorupska et al. 1989 ), use of biotin-labeled probes to map specific DNA sequences on chromosomes (Rayburn and Gill 1985) , and use of trisomics developed from translocation heterozygotes ( Khush 1973; Singh 1993) . Singh et al. (submitted) have recently used the fluorescent in situ hybridization technique to study nucleolus organizer regions in the genus Glycine Willd.
Conclusions
Based on the cytological analyses in our study, a number of conclusions can be drawn. Gamete abortion was 50% or less for F 1 plants heterozygous for a chromosome translocation, and was much greater than 50% when the two translocations shared a chromosome in common (ring of six) or when two translocation lines with different pairs of chromosomes involved in a translocation (two rings of four) were crossed. Chromosome associations suggest that Clark T/T, KS172-11-3, and KS175-7-3 share one translocated chromosome in common that is different from the translocated chromosome common in PI 189866, KS171-31-2, and L75-0283-4. Six different chromosomes of the 20 chromosomes are involved in reciprocal translocations in the six lines analyzed.
